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NATIONAL ADVISORY C c B u I M I m  FOR AEXONAUTICS 

By W i n e  W. Reynolds  and Solomon Weiss 

L S-Y 

Experiments with l iquid  nitrogen and l i qu id  hydrogen i n  Styrofoam- 
ins   t ed  tanks have indicated good agreement  between measured and cal- 
culated heat -leak rates when the insulat ion w a s  formed from a single block 
of material. In  a large tank ins ta l la t ion  w h e r e  the insulat ion was ap- 
plied in  sections  without  sealing the joints ,   the  measured heat leak was 
about 2 2  times the calculated  value. 1 

Measurements of pressure-rise rate due t o  heat leak  into  the  tanks 
have shown ground storage time without loss of fuel (herein  called no- 
loss time) of the order o f  half the  theoretical   values.  l k w  heat con- 
duct ivi ty   and  insuff ic ient   agi ta t ion of the l iqu id  cause  temperature 
s t r a t i f i c a t i o n   f n  the l iquid,  which prevents it from absorbing i ts  maxi- 
mum heat content a t  sny pmt icu la r  tank pressure. To obtain &mum no- 
loss times, it may be necessary t o  provide stirring f o r  the l iqu id  phase. 

Steep temperature gradients   exis t   in  the metal tank wall above the > 
l iquid  level.   Since the tensi le   s t rength is highest at the low tempera- 
tures, the tank must be designed  for lmer stresses than would be per- 
missible i f  the metal were all at l iqu id  temperatures. 

Purging the  space between the insulat ion and the  tank w a l l  w i t h  
helium gas prevented the condensation of air on the tank wall and  reduced 
the heat-leak rate. 
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INTRODUCTION 

Recent analyt ical  studies on airplane performance  have indicated 
that a i r c r a f t  using l i qu id  hydrogen as f u e l  can have range and a l t i t ude  
capabi l i t ies   superior   to   those of a i r c r a f t  using conventional  fuels (ref. 
1). wdrogen, besides having high heat of combustion per  unit  w e i g h t  and 
excellent combustion properties,  has high heat-sink  potential. O t h e r  
analyses (ref. 2) have indicated th&t law-molecular-weight refr igerated 
hydrocarbons may a l so  have  performance potentials  superior  to  conventional 
fuels . 
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The use of refr igerated or l iquefied gases as fuels  requires  insulated 
f u e l  tanks for  the a i r c r a f t   i n   o r d e r   t o  store the  f u e l  at low pressures. 
Par t icu lar ly   in  the case of hydrogen,  because of i t s  very low l iqu id  den- 
s i t y  (4.4 lb/cu f t )  and lm normal boiling point (-423O F) , the weight o f - .  
the tank plus  . insulation becomes a la rger   f rac t ion  of the f u e l  weight than 
i s  required  for   ordinary  fueh.  The w e i g h t  must be kept   to  a small frac- 
t i o n  af the-fuel weight in  order that the   theore t ica l  perf'ormance advan- 
tages may be-realized. Such requirements have led t o  the consfderation 
of p l a s t i c  foam as the i n s u b t i o n  material (ref. 3). 

The present  investfgation.studied  foam-insulated  tanks  experimentally 
t o  determine-whether  they &re su i tab le   for  aircraft use. 

AB La pointed  out in t he  references Just ci ted,  the general  prin- 
ciple of insulated-fuel-tank  design i s  t o  apply a suff ic ient  amount of 
light-weight f o a m  insulation t o  the outside of a light-weight f u e l  tank 
t o  provide a reasonable  ground  storage time without loss of fue l .  The 
heat  leaking  into  the fuel would be absorbed as sensible heat i n  the l i q -  
uid  ra is ing its temperature and consequently its vapor pressure t o  .the 
tank design  pressure. The time required  for the fuelvapcr   pressure t o  
reach  the  tank  design pressure i s  commonly referred t o  as the "no-Loss 
time" of the tank. The amount of insulation would a l so  be su f f i c i en t   t o  
l i m i t  the rate of vaporization  during flight t o  less than the fuel-flow 
ra-b-to the engines. The fuel vaporized  during flight m i g h t  be burned i n  
the- engine  or  afterburner, hence no loss i n  range would r e su l t  from f u e l  
vaporization; A light-weight  skin would be placed  around the outside of 
the insulat ion  to   contain it and t o  provide a protective  covering. 

The no-loss time is w u a l l y  computed for the case of a uniform t e m -  
perature  throughout...the  liquid  and  gaseous fue l   ins ide  the tank (refs. 1 
and 3). Any temperature  stratif ication  within the tank w i l l  r e su l t  in a 
decreased  no-loss time. This i s  one of the problems that was studied 
experimentally  in the investigation  reported  herein.  

When cold l iqu id  is introduced  into a tank, the gas in  the  space 
surrounding the tank cools down or condenses  and continues t o  d r a w  outside 
air i n t o   t h i s  space i p t h e  outer  jacket is not vacuum tight. One  way of 
circumventing this problem i s  t o  put a noncondeneable gas in to  the annular 
space. With l iquid hydrogen as the fuel ,  helium is the only ine r t  gas 
that can be used. Helium, however, has a thermal conductivity  about 
seven times greater than that of air. =-the gas that is t rapped  in  the 
c e l l s  of the foam were replaced by helium, the therm1 conductivity of 
the foam would be increased  greatly. However, because of the, closed-cell 
s t ructure  of the foam, it takes some time to   r ep lace  the enclosed  gas, so 
that helium gas might be used around the  tank  without  destroying  the  in- 
sulating value-of the  foam. Mter the f u e l  tank is emptied and the tank 
w m s  up, the helium would be replaced by a low-conductivity g a s  u n t i l  
the. tank w a s  ready f o r  use  again. O f  .course,-  evacuatitig the jacket would 
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greatly improve the  heat-ineulsting  value. However, it i s  f e l t  that there  
would be d i f f i cu l ty  in  lnaking a large light-weight jacket  completely  vac- 
um tight. 

I n  this  investigation,  the-heat-leak rates, no-loss -time character- 
istics, and temperature gradients of two d i f fe ren t   s ize  fuel tanks were 
studied with l i qu id  hydrogen  and l iquid  nitrogen a6 the f l u i b .  Tests 
were carried  out  with the outer  jacket  enclosing  both helium  and air 
atmospheres. 

SYMBOIS 

area, sq f t  

cross-sectional  area  of metal tank wall, sq f t  

log  mean of outer and inner areas of immlatlon, sq f t 

height, f t  

height of l iquid,  f t  

t o t a l   t ank  height, f t  

specif ic  heat of gas at constant  pressure, Btu/(lb) (%) 

latent heat of vaporization, gtu/lb 

natural  convection film coefffcient , Btu/(hr) (9) (sq ft) 

thermal conductivity, Btu/(hr) (sq f t) (%/ft) 

heat flow, Btu 

temperature, F 

mean metal w a l l  temperature, taken as metal wall temperature at  point 

0 

halfway up nonwetted area, %’ 

rate of vaporization of l iquid,  lb/hr 

thickness of insulation, f t  

outer-wall  emissivity 

gas  density,  Ib/cu f t  

time, hr 
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Subscripts : 

a air 

av  average 

c conduction 

f f u e l  

g gas 

i insulation 

m metal wall 

nw nonwetted area 

o outside  surface 

r radiat ion 

w wetted  area 

APPARATUS 

N 
4 
v 1 .  

P ‘  
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Two tank  sizes were investigated. One was a small tank of about 3- 
gallon  capacity,  the  other a nominally 1800-gallon tank. The insulation 
used w a s  Styrofoam, which had a density of 1.6 pounds per  cubic  foot. 

The small tank permitted  use of a solid  piece of insulating material 
so that resu l t s  would be  relatively independent of the  technique of in- 
sulation. The large tank was the first attempt at insulating a more 
prac t ica l   s ize   fue l  tank. 

small Tank I 

Two different  tank  constructions were used. One w a s  a cyl indrical  
open-topped shel l   inser ted  into a machined Styrofoam container. The 
other was a cylindrical   steel   tank  capable of being  pressurized, which 
was also  inser ted  into the same machined Styrofoam container. 

Figure 1 shows a schematic diagram of the setup w i t h  e i ther   the .. 
cylindrical  tank or the open-topped she l l   in   p lace .  The foam-plastic 
container w a s  machined from a solid  piece of Styrofoam and was cyl indrical  
(10-in. O.D. by 6-in. I.D.). A Styrofoam l i d  was also machined t o  fit 
snugly into the top of this  cylinder.  

- 
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When the  open-topped she l l s  were used, a th in  metal shell was placed 
around the  outside of the Styrofoam. The jo in t s  around the l i d  and  pipe 
out le t  were sealed  with a mastic compound. 

When the  cylindrical   tank w a s  used, the  outside of the Styrofoam was 
covered with a layer of aluminum f o i l  and two layers of resin-impregnated 
Fiberglas. The gas boiloff  passed  through 10 f e e t  of 3/4-inch  copper 
tubing  to a gas nfeter, thence t o   t h e  atmosphere.  Copper-constantan ther-  
mocouples were placed on the inner  and on the  outer  surface of the tank 
wall at levels  of I, 4, 7, 10, 13, 16, and 19 inches  from  the  bottom of 
the  tank. 

Inner tank shells of 0.030-inch-thick aluminum and  0.031-inch-thick 
s t a in l e s s   s t ee l  w e r e  used. One t e s t  was also run  with no inner shell, 
that is, the  l iquid w a s  directly i n  contact  with  the Styrofoam. This 
would simulate a scheme of insulating the fue l   t ank  on the inside.  The 
insulat ion was not bonded t o  the  outer wall i n  this case, however. 

When the  open-topped she l l s  were used,  the  entire  space inside the 
outer  jacket was continuous. Any air around the   insu la t ion  that may have 
l iquef ied   in   the  filling process would have boi led off through  the gas 
meter  and would be accounted fo r  in   the  heat- leak measurements. 

1800-GalLon  Tank 

The large  tank was a 304 stainless steel  tank 5 feet i n  dfameter by 
15 f e e t  long  including the 2-to-1 e l l ip t ica l   d i shed  heads. Wall thick- 
ness of the heads was 1/4 inch and of the cylindrical   section, 9/32 inch. 
Two 3-inch  layers of insulation were placed around the  cyl indrical   por t ion.  
The end sections were also made i n  two layers.  Thickness of the combined 
layers of the end sections w a s  6 inches at the  center,   and  the  outside 
surface was flat. Figure 2 shows the insulation on this tank. A layer  
of  aluminum f o i l  was placed  over the Styrofoam,  and two layers  of resin- 
impregnated Fiberglas were placed  over  this.  Copper-constantan thermo- 
couples were placed  on  the w a l l ,  and a copper-constantan  probe  extended 
into  the  l iquid t o  within  an  inch of the bottom of the tank. 

PROCEDURF: 

Small Tank 

Heat-leak measurements were made by passing the boiloff  gas from 
the liquid  nitrogen  or hydrogen through a gas meter. Gas-meter readings 
and  temperatures were recorded at time in te rva ls   un t i l  the l i q u i d  had 
all vaporized. The slope of the  curve  of g a s  boiloff  against  time gave 
the rate of boiloff,  and this was converted t o  heat-leak rate through 
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the la tent   heat  of vaporization. The l iquid  level  could be determined 
either from the thermocouple readings  or  through  the gas-meter readings 
and a previous  calibration of the tank capacity. 
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BoilofFruns were made w i t h  both helium atmosphere and air atmosphere 
around the tank. This was done w i t h  both  l iquid hydrogen and l iqu id  
nitrogen  inside  the  tank. 

No-loss-time measurements were made by f i l l i n g  the tank  with the 
liquefied  gas,  closing  the  vent  valve,  and  recording the pressure at var- 
ious time intervals  with no agi ta t ion of the liquid.  With l iquid  ni t ro-  
gen i n  the small tank, when the pressure had r i s en  t o  x )  t o  25 pounds per 
square  inch gage, the tank  was manually  shaken u n t i l  the pressure dropped 
t o  a minimum value. This was repeated a t  in t e rn l a   un t i l   t he   p re s su re  
would no longer go belaw X) pounds per  square  inch gage. A sfngle copper- 
constantan thermocouple located  in  the  center of the  tank  near the bottom 
( f ig .  1) was used t o  record  liquid  temperature  during this process. 

1800 -Gallon Tank 

In  the large tank, a single run was made with liquid  nitrogen. The 
tank was f i l led t o  about  the  49-inch  level. Gas-meter readings  and tem- 
peratures were recorded.  After  several h y s ,  the  vent  valve was closed 
and one pressure-rise rate was recorded. Then the boiloff-rate data were 
continued  until the nitrogen had all vaporized. Helium at about 1 inch 
of water  pressure above atmospheric was maintained in   the   j acke t  a t  the 
start. Since the jacket was not air tight, a small helium flow occurred 
during this time. After a couple of days the helium was shut off and 
measurements of the boiloff rate were continued. 

Only a limited amount of data m e  taken wi th  l iquid hydrogen in  
this large  tank. Pressure-rise r a t e  and boiloff data were %&en fo r   an  
i n i t i a l   l i q u i d   l e v e l  of 10 t o  -13 inches with-a"~eiium'.~€mosphere i n   t h e  
jacket. 
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RESULTS AND DISCUSSION 

Heat Leak t o  Boiloff 

'Tank w a l l  material. - The nitrogen  boiloff  -rate  curves f o r  the 
s ta in less  steel shell, aluminum shel l ,  and no shell i n  the small Styrofoam 
container are shown i n  figure 3. The heat-leak r a t e  at any time (or liq- 
uid level)  is proportional  to the slope of the curve a t  that point. As 
can be seen from the  slopes of these  curves, the heat-leak rate is much 
l e s s  dependent on l iqu id   l eve l  with the aluminum l ine r  than with the 
s ta in less  steel l i n e r  or  with no liner. Some of the heat flowing through 
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the insulation above the l eve l  of the l iQufd is conducted through the 
metal w a l l  t o  the liquid.  Since the therm1 conductivity of the aluminum 
may be 10 times higher  than that of s t a in l e s s   s t ee l  at lfquid-nitrogen 
temperatures, t h e  amount of t h i s  heat  conducted to the l i qu id   i n   an  
aluminum-walled vessel  is much greater. 

These boiloff data, converted t o  heat-leak rate against   l iquid  level ,  
a r e - s h a m   i n  figure 4 .  Extrapolation of these cwves t o  a fu l l - tank   leve l  
of 21 inches  indicates a t o t a l  heat l eak   t o  a f u l l  tank of  about 128 Btu 
per  hour. The heat-leak rate calculated  for  this configuration  using a 
log mean of the inner  and  outer areas of 4.64 square feet, an  insulat ion 
thickness of 2 inches,  and a mean thermal. conductivity of 0.16 Btu/(hr) 
(sq ft) (%/in.)  (fig. 5 at a mean temperature of -137O F) was 

9 = - (4.64) c46 - (-320) 3 = 136 Btu/hr z 2 
0 16 

Boiloff of l iquid  ni t rogen f r o m  t he  large  tank is s h a m  in figure 6 .  
The heat-leak rate to   boi loff   calculated f r o m  these data is shown i n   f i g -  
ure 7. Helium gas pressure at about I inch of water above  atmospherLc 
pressure was maintained i n  t h e  jacket during f i l l i n g  and f o r  about 2 days 
after. The jacket was not tight, so a very small flow of' helium occurred 
during t h i s  time. The helium supply w a s  then  cut off f o r  the remainder 
of the test .  No noticeable change in   vaporizat ion rate occurred w h e n  
this w a s  done. Several   f rost  areas appeared on the  outside of the large 
tank  near the bottom  and  near jo in ts   in   the   insu la t ion .  

8 

The extrapolated heat leak t o  a full tank f r o m  these daka is about 
7300 Btu per hour. The calculated  value based on a Log mean of the inner 
and  outer  area6 of 297 square  feet, &n insulation  thickness of 6 inches, 
and on a mean t h e m 1  conductivity of 0.16 Btu/ (hr) (sq ft) (%/in. 1 is 

The measured heat-leak rate t o  the large tank is a b u t  2$ times the 
calculated  value. This result   contrasts  sharply w i t h  the data. obtained 
w i t h  the small tank, which had the insulat ion formed from a sol id   block 
of material, and which gave measured and  calculated heat-Leak rates that 
were in good agreement. In  addition to the difference  in   insulat ion 
technique, a second f ac to r  which may have affected these r e su l t s  is the 
pr ior  use of this large  tank.  Before these tests on the large  tank were 
-de, it had been used i n  a test r i g  f o r  about 2 months. During much 
of this time a helium atmosphere was olaintained i n  the jacket. It is 
appsrent from the f ros t ing  that some of the increased heat leak i n  this  
case is due t o  gas c i rcu la t ion  inside the jacket through the uncemented 
Joints  as well as t o  any increase i n  conductivity of the insulating 
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material. The jo in ts   in  the insulation were purposely l e f t  uncemented t o  
allow  for the large  contraction on cooling. To overcome this d i f f icu l ty  
it is possible  that  with two layers of' insulation  the  inner l a y e r  could 
be le f t  uncemented t o  allow for  contraction, and the  outer  layer, which 
has a much smalleKtemperature  gradient,  could be cemented. This would 
cut down on circulation  losses.  

Also shown on'figure 7 a r e  two heat-leak  curves for  l iqu id  hydrogen 
in   the   l a rge  tank. These data were calculated from changes in   l i qu id  
leve l  as determined by the thermocouples; boiloff was not  metered as i n  
the  other data. The curves  indicate, however, a lower heat leak t o  boi l -  
off with hydrogen than with nitrogen at the low liquid  level ,  the same 
resu l t  as that of the  small-scale  tests  discussed  in  the  next  sectfon. 

The relative  ortho-para  concentrations of the hydrogen used i n  thece 
tests were not measured.  Although the  heat of conversion i s  high, about 
300 Btu per pound, the  length of time  involved i n  any of t he   t e s t s  w i t h  
hydrogen was so short compared t o  measured rates of conversion in   s ta in-  
less steel storage  vessels that any heat  evolved i n  ortho-para  conversion 
should be negligible. 

G a s  atmosphere in  Jacket.  - Gas boi lof f   cweB  for   n i t rogen  and  hydro- 
gen i n  the small cyl indrical   tank  are  shown i n  figure 8. Calculated heat- 
leak  ra tes  f'rom these curves are shown i n  figure 9. Data are shown f o r  
both helium and air atmospheres i n  the jacket. With both liquids,  a t  the  
start of these runs air w a s  still apparently condensing around the  outside 
of the tank. Slnce  the Styrofoam was a container  in itself, the condensed 
air eventually  reached a level  in  equilibrium  with the fuel   level   inside.  
During the condensation  period,  the boiloff rate of l iquid  inside the tank 
was consequently high. As the   inside  l iquid  level  dropped, heat  leaking 
i n  through  the  insulation  re-evaporated air on the outside of the tank as 
well as l iquid  inside  the  tank. The heat-leak  rate as measured by the 
liquid  evaporation rate only was consequently lower at the lower l iqu id  
levels .  With a helium  atmosphere present,  the  boiloff rate decreased 
s teadi ly  as l iqu id   l eve l  dropped. 

The presence of the he l ium atmosphere  around the Styrofoam f o r  the 
length of time involved in these tests (12 hr or more) did not seem t o  
increase the heat leak  to   the fuel by anything like the   r a t io  of the 
therm1 conductivities of the gases involved. Comparison of the  extrapo- 
lated values   for   nl t rogen  for  a fu l l  tank from figures 4 and 9 shows only 
a 19-percent  increase i n  the heat-leak rate with a helium atmosphere. 

The r a t i o  of the heat leaks   to  hydrogen and nitrogen with a helium 
atmosphere in  the  Jacket  (f ig.  9) for a full tank are 
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as would be expected from the following calculations: 

Assuming to = 45O e v e s  

9 

The heat leak to   boi loff  dropped more rapidly  for  hydrogen as  l iqu id  
level  dropped than  for  nitrogen. Although th i s  would be  expected,  since 
the thermal  conductivity of the s t e e l  a t  liquid-hydrogen  temperatures may 
be only about  one-fourth that at liquid-nitrogen temperatures, and a 
smaller fract ion of the heat leak to   bo i lo f f  comes from a b e  the l i qu id  
through  the  metal w a l l ,  the boiloff rate f o r  hydrogen would not be ex- 
pected t o  drop  below that for  nitrogen. It is possible that a small 
amount of air in   the   j acke t  w a s  i n i t i a l l y  condensed during the filling 
procedure and that  this air is  absorbing 6ome of the heat leak at the 
low liquid  levels .  

Pressure buildup. - R a t e  of pressure  buildup  in the tank is of 
in t e re s t  because it is hoped that one way of maintaining the readiness 
of a i rc raf t   fue led  w i t h  l iquef ied gases is to absorb the heat  leak as 
sensible heat i n  the l iquid.  The temperature of the l iquid rises and 
consequently the vapor pressure also rises. Heat can thus be absorbed 
until the vapor pressure reaches the tank design pressure. Beyond th i s  
poin t   fue l  w i l l  be lost by evaporation. 

Figure 10 shows some results of pressure-rise measwiemnts on the 
small and large t a n k s .  In figure l O ( a )  are shorn the results of two runs 
w i t h  l iquid  nitrogen. Pressure was allowed to build up "to about 20 pounds 
per  sqmre  inch gage  without m y  agi ta t ion  of the l i q u i d   i n  the tank. 
Then the whole tank was agi ta ted  by shaking u n t i l  the pressure reached a 
minimum value. This process w a s  repeated  unt i l  the pressure would no 
longer  drop below 20 pounds per  square  inch. 

It can be seen that without liquid agi ta t ion  the pressure builds up 
much  more rapidly, indicating a nonunlformity In the liqufd  temperature. 
This is demonstrated in figure 11 by a record  of a siugle thermocouple 
located in  the body of the l iquid.  When the pressure b u i l t  up without 
agi ta t ion,   the   l iquid temperature near this thermocouple did not rise 
along the vapor-pressure line. W i t h  agi ta t ion,  the pressure and tempera- 
ture approached the vapor-pressure l ine .  Two runs w i t h  continuous agita- 
t i o n  show the l iqu id  at  this point  in  equilibrium w i t h  the vapor during 
the entire  process. 
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Similar  pressure-time  curves  for hydrogen in   t he  smal l  tank  (fig. 
lO(b))  indicate  nonequilibrium i n  the l i q u i d  f o r  this f u e l  also without 
agitation.  FYessure-rise data f o r  hydrogen and nitrogen  in the large 
tank  are shown in  f igure 1O(c). Here again  nonequilibrium i n  the l iquid  
is indicated,  since a heat-leak rate calculated from the pressure-rise 
data is much higher than that measured from boiloff data. Theae data 
indicate that we cannot  expect t o   a t t a i n   t h e  m a x i m u m  allowable no-losa 
time i n  a f u e l  tank unless some method o f  agi ta t ion or temperature  equal- 
izat ion throughout the l iquid is  provided. 

The use of conducting s t r i p s   t o   t r a n s f e r  heat into the body of l iqu id  
i n  a tank  in  order t o  bring  the  liquid  into  temperature  equilibrium would 
not  appear t o  be  feasible   for  these re la t ive ly  high heat-leak rate  tanks.  
For example, a 1-square-foot strip of 0.06-inch-thick copper weighs about 
2.8 pounds. The heat-flow area is 0.005 squarre foot. Assuming a conduc- 
t i v i t y  of 800 Btu/ (hr )  (sq f t )  ?F ft at liquid-hydrogen temperatures and 
a temperature  difference of 4 F, the heat tha t  can be conducted  through 
this s t r i p  is 16  Btu per hour, or  5 . 7  Btu per hour per pound of copper. 
I n  well-insulated vacuum-jacketed storage  vessels the use of high- 
conductivity  strips would be more feasible, because the heat-leak rate 
may be down t o  about 20 Btu per hour or less. The heat  leak  into the 
large  foam-ineulated tank reported  herein was of the order of 7000 Btu 
per  hour. To conduct t h i s  quantity  oFheat to a depth of 1 foot i n  the 
l iquid  would requlre  about 1200 pounds of high-conductivity  copper s t r ip s .  
It would appear,  then, tha t  agi ta t ion of the l iquid  will be required  to  
maintain  equilibrium between the g a s  pressure  and  the main body of l iquid.  

The. extremely high rate of molecular motion i n  the gas  phase indi-  
cates that no s t i r r i n g  of the gas would be  required, only of the liquid.  
If the warm layer of l iqu id  at the  interface i s  replaced by a cooler 
Layer,-the  gas w i l l  condense on the  colder liquid surface and reduce the 
pressure  in  the  tank. A calculation of the rate of molecular col l is ions 
of gaseous hydrogen at 1 atmosphere pressure  and -423O F w i t h  a surface 
would show that about 28 pounds of g a s  per second per  square  foot ' would 
reach the surface. 

Temperatures 

Tank wall. - Temperature gradients   in   the tank walls for   both the 
sm&ll and large  tanks are shown i n  f igure 12. Relatively steep tempera- 
ture gradients were present, es c ia l ly  i n  the s t a in l e s s   s t ee l  tanka 
(30° F/in. with l i qu id   n i t rogenr  Although t h i s   r e s u l t  accompanied 
smaller  boiloff  losses as l iqu id   l eve l  dropped, one adverse  effect it 
may have is  t o  decrease the allowable e t ress  for which the  tank may be 
designed. As is  pointed out in references 1 and 3, the yield strength of 
most metals is considerably higher at liquid-hydrogen temperature t h a n  at 
room temperature. Wfth a higher temperature at the top of the tank, a 
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lower y i e ld  stress would have t o  be used i n  the design  unlese  temperature- 
equalizing  strips were used. These would i n   t u rn  add w e i g h t  and result 
in  higher  boiloff  losses.  

The steep temperature gradients  afford a simple means of determining 
the approximate l i q u i d   l e v e l   i n  the tank. 

In the absence  of  experimental tank-wall-temperature measurements, 
an approximation of the wall-temperature gradient above the l i qu id  may be 
made from the following assumptions  and relat ions.  The assumptions  are: 

(1) Heat flow through the wetted area of insulation  vaporfzes  liquld. 

(2) &at flow through the nonwetted area of insulation splits in to  
(a) heat flow down through the metal wall to the  l iquid,  which contributes 
toward more vaporization, and (b)  sensible heat, which increases the tem- 

p. perature of the gas. 

Id 

3 
s By use of the following sketch  and the l i s t  of symbols, the 

(3) -6 temperature prof i le  and wall temperature prof i le  &re essen- 
t i a l l y  the same and are l inear  from the l i qu id  surface t o  the top  of the 
tank. 7 

I- 
"" 1 1. 

b t  

Y I""" I J. 
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following  eqwtions may be se t  up: 

From assumption (2) , 
- %W = &($) + wcp(tg  - tf) 
7 

m 
c 
cn 2 

From assumption (3) trn = (tg + tf) 1 2 ;  theref ore, 

5 

Equation (2) becomes 

r' 

Setting  equation (1) equal t o  equation (4) and rearranging give 

x KnW 
But2 

Substi tuting equation (6) into  equation (5) yields 
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= -  

For a th in  w a l l  of low-conductivity  material  such as s ta in less   s tee l ,  the 
term i n  equation (8) containing & is small i n  comparison to   the  other  
term, and the  equation can be approximated by 

I 

! 

In  figure 13 a r e  compared some experimentally measured values of 
t, with those  calculated from equations (8) and (9) .  Several  calculated 
curves f o r  different  values of metal thermal conductivity  are sham f o r  
the s m a l l  tank  using  liquid  nitrogen. The temperatures measured in   t he  
aluminum l i n e r  fall nearest  the  curve f o r  k, = 90 Btu/(hr) (sq ft)(?F/ft). 
For the   s ta in less   s tee l   t ank ,  the curve c&.lculated f o r  k, = 0 (eq. (9)) 
is a reasonable  approximation. 

Outer-surface  temperatures. - A comparison of the calculated and 
measured outer-surface  temperatures is s h m  i n  f igure 14 for l i qu id  
nitrogen  in the small tank. As pointed  out in   reference 2, the outer- 
wall temperature was calculated by equating the heat flaw to the surface 
by radiat ion and natural  convection t o  that through the insulation by 
conduction as i n  the equation 

3 = - ki K ( t o  - tr) = h&(t, - to) + 0.113e&[( Loo )" - ( >"I z x  
t, + 460 to + 460 

I+ 1 v I 
Qi s, qr 

TKO outer-wall materials were used, aluminm and s t a in l e s s   s t ee l ,  
w i t h  estimated  emissivities  near 0.06 and 0.6, respectfvely. Comparisons 
of the measured  and calculated values show good agreement. 

COMCLUS3ONS 

Ekperiments t o  date w i t h  Styrofoam-insulated f u e l  tanks have indi-  
cated tha t  the  theoretical   heat-leak rates can be at ta ined if the method 
of installation  prevents  circulation o f  the gas inside the jacket. When 
the insulation wa6 machined from a Solid block of material and 110 Joints  
were present, the measured and calculated  boiloff  losses were i n  good 
agreement. I n  a large tank ins t a l l a t ion  when the   insulat ion ~ 8 s  applied 
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in  sections  without  sealing the joints ,   the  measured heat loss w a s  about 
2* times the calculated  value. It is probable that in   an   ins ta l la t ion  of 
this  type the jo in ts  of the inner layer of insulation  could be l e f t  un- 
sealed t o  allow for  contraction, and the outer lEtyer could  be  sealed t o  
prevent  circulation  and  thus  cut down the  heat loss. Temperature gradi- 
en t s   i n  the outer  layer would probably be small enough so that contraction 
i n  these layers  would not  cause s p l i t t i n g  of the  insulation. 

Measurements on pressure  buildup rate have indicated that i n  most 
cases  equilibrium of the liquid  and  vapor phases i n  the tank  does  not 
exist,  and  pressure  builds up more rapidly  than it would if the  l iquid 
phase were agitated.   In  order  to a t t a i n  msximum no-losa time (i.e., 
ground storage time without loss of fuel)  through  absorption of heat leak 
into  the  tank as seneible heat i n   t h e   l i q u i d  phase, 6ome  means of equal- 
i z ing  temperature throughout the liquid phase must be provided. 

Considerable temperature gradients exist i n  the metal tank shell 
above the  liquid.  Slnce the metal s t r eng ths  .are highest at low tempera- 
ture, the tank must be  designed f o r  lower y ie ld   s t resses  than the metal 
would have at the temperature of the fvel. 

. -. 

i 

I 

Considering the temperature gradients existing i n  the  tank wall, 
especially a t  low l iqu id   l eve ls ,  it m i g h t  be of i n t e r e s t   t o  compute the 
fuel-tank w e i g h t  based on the lower allarable yield stress exis t ing at 
the higher temperatures.  Gradients of nearly 300° F were measured with 
the large  tank. A thinner walled vesse l  m i g h t  show even greater tempera- 
ture var ia t ions,  so that the safest assumption would be t o  base y ie ld  
strength on ambient  temperature.  For  hardened 301 s t a in l e s s   s t ee l  the 
y ie ld  strength might be X) percent lower at n o m 1  ambient temperatures 
than at liquid-hydrogen temperatures. This would mean that the tank 
w e i g h t  would increase by nearly 20 percent  over that of a tank  designed 
f o r  liquid-hydrogen  temperatures. 

Perhaps a more important  consideration  ie  the  decrease  in no-loss 
time due t o  temperature   s t ra t i f icat ion  in  the liquid,  since it appears 
that insulation  thickness might most generally be dictated by the no-loss- 
time requirements  rather  than by fuel   vaporizat ion  in  flight. Data pre- 
sented  herein indicate that no-loss times of the  order of half the theo- 
r e t i c a l  values were obtained  wlthout  agitation of the liquid.  It is 
doubtful that suff ic ient  heat conductivity  could be attained by the  use 
of high-conductivity  temperature-equalizing strips without adding so many 
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c a s  to greatly  increase  the weight of the tank. It appears that s m  

needs further investigation. 
? -  means of ag i ta t ing  the liquid will be  required.  This is ~b problem that 
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24 20 16 12 8 4 

Liguid level, in. 

Figure 4. - Heat-leak rate contributing t o  vaporization of l i qu id  
nitrogen from variaus  shells i m i d e  2-inch-wall Styrofoam con- 

ta iner .  Heat-leak rate = +, @Iv. A gse boiloff  
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Figure 5. - Variation of thermal conductivity of Styrofoam with temperature (ref. 4). 
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60 50 40 30 20 10 0 
Liquid level, in. 

Figure 7.  - Heat-leak rate contributing to vaporfzation of 
l i&d nitrogen and liquid hydrogen i n  large tank. 
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(a) Nitrogen. 

Figure 8. - Boiloff of liquefied gases from small cylindrical tank with air and 
helium atmospheres in  enclosing  jacket. Air temperature, 68O Q 2-Znch Styro- 
foam insulation. 
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(a) -wen. 

Figure 8. - Concluded. Boiloff of liquefied gases from small cylfndrical tank 
with air and helium atmospheres Fn enclosing  jacket. Air temperature, 68' Fj 
2-inch Btyrofoam insulation. 
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Figure 9. - Heat-leak rate contributing to vrtporization of l i qu id  
nitrogen and l i qu id  hydrogen in  small cylindrical  tank with air 
and helium in  enclosing jacket. 
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(b) IiLquid hydrogen in smalJ.  tank^ l iquid 'level, 17 inches. 

Figure 10. - Contirmed. Fresaure-the Ms.l;ory f o r  pressure r i se  
due t o  normal heat leak. 
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(c) L i q u i d  nitrogen and liquid hydrogen in b g e  tank. 
Hydrogen level, 13 inchesi nitrogen level, 2% inches. 1 

Figure 10. - Concluded. Pressure-time history for pressure r ise  
due to normal heat leak. 
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Figure 11. - Pressure-temperature  history of thermocouple 
located in liquid during pressure-rise measurements with 
l iquid nitrogen in small tank. 
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(a) W a l l  of cylindrical tank; liquld nitrogen and liquid hydrogen. 

Figure 12. - Tempersture gradients i n  tanks and liners with liquids at 
different levels. 
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(b) Stainless steel  and aluminum liners;   l iquid  nitrogen. 

Figure 12. - Continued. Temperature gradients fn tanks and 
liners with liquiaS a t  different  levels. 
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Calculated  curves 
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0 Nitrogen, stainleas a t e e l  liner 

A Nitrogen, aluminum l i n e r  (.fig. l2(b 
A Nitrogen, large tank ( f i g .  12(c)) 
v Hydrogen, large tank (ftg. 12(c)) 
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Figure 13. - Comparison of measured and calculated mean wall tem- 
peratures above l i e d .  
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Figure 14. - Variation of conduction, convection, radiation heat f l w a  with aurfaca tea+ 
perature, Ebovlng balance vhich detsrmines equilibrium surface t q a t u r c .  Liquid nitro- 
gen in s m a l l  tank; air temperaturn, 680 F; mcaslacd temperature of stainlcaa steel akin ,  
470 P; m e w e d  temperatw of almim skin, 370 t o  300 F. 
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